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ABSTRACT 
Results of an investigation of rotor acoustics using small scale 
models conducted in the United Technologies Research Center (UTRC) 
Acoustic Research Tunnel is presented here. Main rotor models of 
approximately 1/20-scale for the S - 7 6  and the UH-60 systems were 
used to evaluate the extent to which small scale models can be 
used to predict the noise characteristics of larger scale and 
full-scale rotors. The effect of blade design parameters such as 
twist and tip design (airfoil, planform, sweep and taper) were 
studied. Operating parameters such as forward speed, rotor load- 
ing, tip speed, and rotor tip path plane were systematically 
varied to determine their effect on various rotor noise mecha- 
nisms. In all, four rotors were tested under the contract 
NAS2-11310 and three additional rotors were tested under the 
Sikorsky IRaD funds. For the sake of completeness data from all 
the seven rotors have been made available in this report. 
Tests were conducted at low-speed (50-70 knots) and at higher 
speeds. The results of the l/aO-scale -model low-speed tests are 
extensively compared with those of approximately 1/5-scale model 
tests conducted in the NASA Langley Research Center's 4mx7m Wind 
tunnel. Two microphone locations, one under the rotor disk and 
one in the forward direction at approximately 30' below the tip 
path plane are chosen for these comparisons. The high-speed test 
results are only compared with full-scale rotor acoustic data 
since the 1/5-scale model tests could not be conducted at high 
tunnel speeds in the 4mx7m tunnel in an open throat configuration. 
The results show that the Reynolds number effects significantly 
alter the acoustic signature during Blade-Vortex Interaction (BVI) 
conditions. This is observed as a single sided impulse rather 
than a positive-negative impulse of high frequency content. In 
the spectral domain, these effects appear as enhanced low fre- 
quency and subdued high frequency content. At higher advance 
ratio conditions, in the absence of BVI, the 1/20-scale model 
noise trends with rotational Mach number are similar to those of 
the larger scale models. However, at high thrust and large ad- 
vance ratio conditions, the 1/20-scale model acoustic trends 
appear to indicate early stall. 
ii 
List of Figures 
Figure 1. 
Figure 2. 
Figure 3. 
Figure 4. 
Figure 5. 
Figure 6. 
Figure 7. 
Figure 8. 
Figure 9. 
Figure 10. 
Figure 11. 
Figure 12. 
Figure 13. 
Figure 14. 
Figure 15. 
Figure 16. 
Figure 17. 
1/20-Scale Experimental Model Installed in the UTRC 
Acoustics Research Tunnel 
Rotor Test Setup in the UTRC (ART) 
Schematic of the Sikorsky Acoustic Test Rig 
Schematic of the Model Control/Safety and 
Performance Data Acquisition System 
Sample Printout of the Rotor Operating Conditions 
Schematic of Acoustic Data Acquisition System 
Schematic of Acoustic Data Reduction System 
Sample 1/12-Octave Spectra and Noise Metrics 
Rotor Geometric Characteristics (Continued) 
Profiles of SC1095 and SSC-A09 Airfoils 
The Effect of Scale on Acoustic Time History 
for S-76 Configuration 
Narrowband Spectra for 1/5 and l/aO-Scale Model 
S-76 Rotors Corresponding to Figure 11 Conditions 
Acoustic Time Histories of the 1/20-Scale S-76 
Microphone 2 
Configuration 2 at CT = 0.007, aTPP = 2 O ,  
Acoustic Characteristics of 1/20 and 1/5-Scale 
Model Baseline UH-60 Configuration 1 Rotors 
at p = 0.14, CT = 0.007, aTPP = 60 
Effect of Mach Number on the BVI Acoustic Time 
History for the Baseline Configuration 1 at 
CT = 0.007, p = 0.14, cyTPP = 2' and MIC 2. 
Acoustic Time Histories of the Baseline 
Configuration 1 at Two Microphone Locations 
for MI = 0.738, CT = 0.007, p = 0.14, 
Acoustic Time Histories of 1/20 and 1/5-Scale 
Model Large Swept Tip Rotor Configurations ( # 3 )  
= I 2 0  
TPP 01 
with New Airfoil at CT = 0.007, p = 0.14, aTPP = 6 O  
iii 
List of Figures (Cont'd) 
Figure 18. 
I Figure 19. 
Figure 20. 
Figure 21. 
I Figure 22. 
Figure 23. 
Figure 24. 
Figure 25. 
Figure 26. 
Figure 27. 
Figure 28. 
BVI Noise Characteristics of the 2-Bladed UH-1H 
Configuration 5 at M1 =T 0.833, p = 0.145, 
= 3O, Microphone'2 TPP a 
Effect of Thrust Coefficient and Mach Number on 
the BVI Noise Trends of the Baseline UH-60 
Configuration 1 
Effect of Thrust Coefficient and Mach Number on 
BVI Noise Trends of the Large Swept Tapered Tip 
Configuration (#3) with New Airfoils. 
Effect of Rotor Tip Path Plane Orientation on 
the Noise Trends of the Baseline UH-60 Rotor 
Configuration 1 at Two Directivity Angles 
Noise Trends of the Baseline UH-60 Rotor 
Configuration 1 with Thrust Coefficient 
Noise Trends of the Large Swept Tapered Tip 
Configuration 3 with Thrust Coefficient 
Acoustic Trends of 2-Bladed UH-1H Configuration 5 
atM1 = 0.833 and p = 0.145 and 4-Bladed 
UH-60'Configuration 1 at M1 = 0.74 and 1.1 = 0.14 
Acoustic Trends at the Near-Field On-Axis, Inflow 
Microphone 8 for Three Rotor Configurations at 
M1 = 0.74, p = 0.14 and CT = 0.007 
Acoustic Trends at the Far-Field, On-Axis, Out-of- 
Flow Microphone 7 for Three Rotor Configurations 
atM1 = 0.74, p = 0.14 and CT = 0.007 
1/12-Octave Spectra for the Baseline UH-60 
Configuration 1 at the Near-Field Microphone 8 
and the Far-Field Microphone 7 for M1 = 0.74, 
I 
I 
I 
p = 0.14, 
1/12-Octave Spectra for the Large Swept Tapered 
Tip Configuration with New Airfoils (#3) at 
the Near-Field MIC 8 and the Far-Field MIC 7 
for M1 90 = 0.74, p = 0.14, CT = 0.007 and 
CT = 0.007 and aTPP = 40 I 
= I 4 0  
TPP CI 
iv 
List of Figures (Cont'd) 
Figure 29. 
Figure 30. 
Figure 31. 
Figure 32. 
Figure 33. 
Figure 34. 
Figure 35. 
Figure 36. 
Figure 37. 
Figure 38. 
Tip Path Plane Angle Schedule Used During 
High-speed Tests 
Noise Trends of the S-76 Configuration 2 
With Advancing Blade Tip Mach Number at 
QR = 205.7 m/sec (675 ft/sec) for Three 
Scales 
Comparison of the l/aO-Scale and Full Scale 
Helicopter Noise Trends for the UH-60 
Configuration 1 and the S-76 Configuration 
2 During Level Flight 
Effect of Blade Design on Noise at 
Microphone 2 for the l/aO-Scale Model 
Configurations During Level Flight 
Conditions (CT = 0.006) 
Level Flight Noise Trends with Tip Speed 
for the Baseline Configuration 1 at 
71.4 m/sec (140 Knots), CT = 0.006, and 
Level Flight Noise Trends with Tip Speed 
for the S-76 Configuration 2 at 71.4 m/sec 
= -30 
TPP a 
(140 Knots), CT = 0.006, and aTPP = -30 
Level Flight Noise Trends with Tip Speed 
for the Large Tapered Tip Configuration 
3 with New Airfoils at 71.4 m/sec, 
CT = 0.006, and aTPP = -30 
Level Flight Noise Trends with Tip Speed 
for the Large Tapered Tip Configuration 
4 with SC1095 Airfoils at 71.4 m/sec, 
CT = 0.006, and aTPP = -30 
6 at 71.4 m/sec, CT = 0.006 and aTPP = -30 
Level Flight Noise Trends with Tip Speed 
for the Parabolic Swept Tip Configuration 
Level Flight Noise Trends with Tip Speed 
for the Baseline Tip Configuration 
7 with -loo Twist at 71.4 m/sec, 
CT = 0.006, and aTPP = -30 
V 
List of Figures (Cont'd) 
Figure 39. High-speed Noise Trends with Rotor Lift 
Coefficient for the Baseline Tip Configura- 
tions with -16O Twist and -loo Twist 
Figure 40. High-speed Noise Trends with Lift Co- 
efficient for the Large Swept Tapered 
Tip Configurations with SC1095 and 
SSCA09 Airfoils 
Figure 41. High-speed Noise Trends with Lift Co- 
efficient for the S-76 Configuration 2 
and the Baseline Tip Configuration 7 
I with -loo Twist 
vi 
List of Figures (Cont'd) 
Figure Al. 
Figure A2. 
Figure A3. 
Figure A4. 
Figure A5. 
Figure A6. 
Figure A7. 
Figure A8. 
Figure A9. 
Figure A10. 
Figure B1. 
Figure B2. 
Figure B3. 
Figure B4. 
Tunnel Background Noise for 30.6 m/sec (60 Knots) 
at Microphone 2. 
Tunnel Background Noise for 45.9 m/sec (90 Knots) 
at Microphone 2. 
Tunnel Background Noise for 51 m/sec (100 Knots) 
at Microphone 2. 
Tunnel Background Noise for 61.2 m/sec (120 Knots) 
at Microphone 2. 
Tunnel Background Noise for 71.4 m/sec (140 Knots) 
at Microphone 2. 
Tunnel Background Noise for 30.6 m/sec (60 Knots) 
at Microphone 9. 
Tunnel Background Noise for 45.9 m/sec (90 Knots) 
at Microphone 9. 
Tunnel Background Noise for 51 m/sec (100 Knots) 
at Microphone 9. 
Tunnel Background Noise for 61.2 m/sec (120 Knots) 
at Microphone 9. 
Tunnel Background Noise for 71.4 m/sec (140 Knots) 
at Microphone 9. 
Narrow Band Power Spectral Density for the Baseline 
Rotor Configuration 1 at CT = 0.007, M1 = 0.739, 
p = 0.14, and ct 
Narrow Band Power Spectral Density for the S-76 
Rotor Configuration 2 at CT = 0.007, M1 9 0  = 0.694, 
TPP p = 0.15 and ci 
Narrow Band Power Spectral Density for the Large 
Swept Tapered Tip Configuration 3 with New 
Airfoils at CT = 0.007, MI = 0.739, p = 0.14, 
and 'TPP 
Narrow Band Power Spectral Density for the Large 
Swept Tapered Tip Configuration 4 with SC1095 
Airfoils at CT = 0.007, Mi 9 0  = 0.739, CT = 0.007 
and ci 
= 40. I TPP 
= 4 O .  I 
= 4 O .  I 
= 4 O .  I TPP 
vii 
L i s t  of Figures (Cont 'd) 
Figure B5. 
Figure B6.  
Figure B7.  
Figure B8. 
Figure B9. 
Figure C 1 .  
Figure C 2 .  
Figure C3. 
Figure C4. 
Figure C5. 
Figure C 6 .  
Figure C7. 
Narrow Band Power Spectral  Density f o r  t h e  UH-1H 
Configuration 5 a t  CT = 0.0056, MI 90 = 0.833, 
p = 0.145, and aTPP = 3O. I 
Narrow Band Power Spectral  Density f o r  t he  UH-1H 
Configuration 5 a t  CT = 0,0056, M1 90 = 0.833, 
p = 0.144, and aTPP = 5O. I 
Narrow Band Power Spectral  Density f o r  t he  
Parabolic Swept Tip Configuration 6 a t  CT = 0.007, 
N a r r o w  Band Power Spectral  Density f o r  t h e  Baseline 
Tip Configuration 7 with -loo T w i s t  a t  CT = 0.007,  
Narrow Band Power Spectral  Density f o r  t h e  Baseline 
Tip Configuration 7 with -loo T w i s t  a t  CT = 0 . 0 0 7 ,  
1/12-Octave Spectra f o r  t h e  1/20-Scale Baseline 
Configuration 1 a t  Microphone 2,  
CT = 0.007, p = 0.14 and aTPP 
1/12-Octave Spectra f o r  t h e  1/20-Scale Baseline 
Configuration 1 a t  M I C  2 ,  MQR = 0.65, CT = 0 , 0 0 7 ,  
1/12-Octave Spectra f o r  t h e  1/20-Scale Baseline 
Configuration 1 a t  M I C  2 ,  MQR = 0.65, CT = 0.007,  
1/12-Octave Spectra f o r  t h e  l/aO-Scale Baseline 
Configuration 1 a t  M I C  2 ,  MQR = 0.65, CT = 0.007, 
M1 = 0.739, p = 0.14, and aTPP = 4 O .  
M I  = 0.694, p = 0.15, and aTPP = 4 O .  
M1 = 0.739, p = 0.14, and aTPP = 4 O .  
r 
I 
I 
= 0.65, - -   tQR 
p = 0.14 and aTPP = -20. 
p = 0.14 and aTPP = o o .  
p = 0.14 and aTPP = 2 O .  
1/12-Octave Spectra f o r  t h e  1/20-Scale Baseline 
Configuration 1 a t  MIC 2 ,  MQR = 0.65, CT = 0.007,  
1/12-Octave Spectra f o r  t h e  l/aO-Scale Baseline 
Configuration 1 a t  M I C  2 ,  MQR = 0.65, CT = 0,007, 
I-( = 0.14 and aTPP = 6O. 
1/12-Octave Spectra f o r  t h e  l/2O-Scale Baseline 
Configuration 1 a t  M I C  2, MQR = 0.65, CT = 0.007,  
p = 0.14 and aTPP = 4O. 
p = 0.14 and aTPP = 8 0 .  
v i i i  
List of Figures (Cont'd) 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
C8. 
c9. 
c10. 
c11. 
c12. 
C13. 
C14. 
C15. 
C16. 
(217. 
Figure C18. 
1/12-Octave Spectra for the 1/20-Scale Baseline 
Configuration 1 at MIC 2, MnR = 0.65, CT = 0.007, 
l/lZ-Octave Spectra for the 1/5-Scale Baseline 
Configuration 1 at MIC 5, MnR = 0.63, CT = 0.007, 
1/12-Octave Spectra for the 1/5-Scale Baseline 
Configuration 1 at MIC 5, MnR = 0.63, CT = 0.007, 
1/12-Octave Spectra for the 1/5-Scale Baseline 
Configuration 1 at MIC 5, MnR = 0.63, CT = 0.007, 
1/12-Octave Spectra for the 1/5-Scale Baseline 
Configuration 1 at MIC 5, MnR = 0.63, CT = 0.007, 
1/12-Octave Spectra for the l/5-Scale Baseline 
Configuration 1 at MIC 5, MnR = 0.63, CT = 0.007, 
1/12-Octave Spectra for the 1/5-Scale Baseline 
Configuration 1 at MIC 5, MnR = 0.63, CT = 0.007, 
p = 0.14 and CI 
1/12-Octave Spectra for the 1/5-Scale Baseline 
Configuration 1 at MIC 5, MnR = 0.63, CT = 0.007, 
1/12-Octave Spectra for the 1/5-Scale Baseline 
Configuration 1 at MIC 5, MnR = 0.63, CT = 0.007, 
1/12-Octave Spectra for the 1/20-Scale Baseline 
Configuration 1 at MIC 9, MnR = 0.65, CT = 0.007, 
1/12-Octave Spectra for the 1/20-Scale Baseline 
Configuration 1 at MIC 9, MnR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = loo. 
p = 0.14 and aTPP = -40. 
p = 0.14 and aTPP = -20. 
p = 0.14 and aTPP = o o .  
p = 0.14 and uTPP = 2 O .  
p = 0.14 and ciYTPP = 4 O *  
= 6O. TPP 
p = 0.14 and aTpp = 8 0 .  
p = 0.14 and uTPP = loo. 
p = 0.14 and aTPP = 2 O .  
p = 0.14 and aTPP = 4O. 
ix 
L i s t  of Figures (Cont'd) 
Figure C19, 
Figure C 2 0  
Figure C 2 1 .  
Figure C 2 2 .  
Figure C23. 
Figure C24. 
Figure C25. 
Figure C 2 6 .  
Figure C27. 
Figure C28. 
1/12-Octave Spectra f o r  t h e  1/20-Scale Baseline 
Configuration 1 a t  M I C  9, MQR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = 6 O .  
1/12-Octave Spectra f o r  t h e  1/5-Scale Baseline 
Configuration 1 a t  M I C  1, MQR = 0.63, CT = 0.007, 
1/12-Octave Spectra f o r  t h e  1/5-Scale Baseline 
Configuration 1 a t  M I C  1, MQR = 0.63, CT = 0.007, 
1/12-Octave Spectra f o r  t he  1/5-Scale Baseline 
Configuration 1 a t  M I C  1, MQR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = 6O. 
1/12-Octave Spectra fo r  t h e  1/20-Scale Large 
Swept Tapered Tip Configuration 3 with New 
A i r f o i l s  a t  Microphone 2, MnR = 0.65, CT = 0.007, 
1/12-Octave Spectra f o r  t h e  1/20-Scale Large 
Swept Tapered Tip Configuration 3 with New 
A i r f o i l s  a t  Microphone 2 ,  MnR = 0.65, C 
p = 0.14 and aTPP 
1/12-Octave Spectra f o r  t h e  1/20-Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 2, MQR = 0.65, CT = 0.007, 
p = 0.14 and 01 
1/12-Octave Spectra f o r  t h e  1/20-Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 2, MQR = 0.65, CT = 0.007, 
1/12-Octave Spectra f o r  t h e  1/20-Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 2 ,  MQR = 0.65, CT = 0.007, 
p = 0.14 and 01 
1/12-Octave Spectra f o r  t h e  1/20-Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 2 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = 6 O .  
p = 0.14 and aTPP = 2 O .  
p = 0.14 and aTPP = 4O. 
p = 0.14 and aTPP = -40. 
= 0.007, = -20. T 
= o o .  TPP 
p = 0.14 and aTPP = 2 O .  
= 4 O .  TPP 
X 
L i s t  of Figures (Cont 'd) 
Figure C29. 
Figure 30. 
Figure C31. 
Figure C32. 
Figure C33. 
Figure C34. 
Figure C35. 
Figure C36. 
Figure C37. 
Figure C38. 
1/12-Octave Spectra f o r  t he  1/20-Scale Large 
Swept Tapered Tip conf igura t ion  3 with New 
A i r f o i l s  a t  Microphone 2 ,  MQR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = 8 O .  
l/la-Octave Spectra f o r  the 1/20-Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 2 ,  MnR = 0.65, CT = 0.007, 
1/12-Octave Spectra f o r  t h e  1/5-Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 5, MOR = 0.63, CT = 0.007, 
1/12-Octave Spectra  f o r  t he  1/5-Scale Large 
Swept Tapered Tip conf igura t ion  3 with New 
A i r f o i l s  a t  Microphone 5,  MQR = 0.63, CT = 0.007, 
1/12-Octave Spectra f o r  t he  l/S-Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 5, MnR = 0.63, CT = 0.007, 
l/l2-Octave Spectra f o r  t he  1/5-Scale Large 
Swept Tapered Tip configurat ion 3 with N e w  
A i r f o i l s  a t  Microphone 5,  MQR = 0.63, CT = 0.007, 
1/12-Octave Spectra f o r  the 1/5-Scale Large 
S w e p t  Tapered T i p  configurat ion 3 w i t h  New 
A i r f o i l s  a t  Microphone 5, MQR = 0.63, CT = 0.007, 
1/12-Octave Spectra f o r  t h e  1/5-Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 5, MnR = 0.63, CT = 0.007,  
p = 0.14 and aTPP = 6'. 
1/12-Octave Spectra  f o r  t h e  1/5-Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 5,  MQR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = 8O. 
1/12-Octave Spectra f o r  t h e  1/5-Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 5,  MQR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = l o o .  
p = 0.14 and aTPP = -40. 
p = 0.14 and aTPP = -20 ,  
p = 0.14 and aTPP = oo .  
p = 0.14 and aTPP = 2 O .  
p = 0.14 and aTPP = 4 O .  
p = 0.14 and aTPP = loo. 
x i  
List of Tables 
Table I Blade Geometric Description 
Table I1 Reynolds Number Range of Configurations 
Tested 
Table I11 Microphone Locations 
Table IV Typical Low Speed Test Matrix 
xi i 
List of symbols 
BVI 
C 
cL 
cT 
D 
dBA 
dBD 
M 
MQR 
M1 90- 
OASPL- 
R 
Re 
ReC 
T 
U 
v€ 
vT 
'tip 
X - 
Y - 
Blade Vortex Interaction 
Chord Length (m), (ft) 
Lift Coefficient 
Thrust Coefficient 
Rotor Diameter 
A-Weighted Sound Pressure Level 
D-weighted Sound Pressure Level 
Mach Number 
Rotational Tip Mach Number 
Advancing Blade Tip Mach Number 
Overall Sound Pressure Level 
Radial Distance 
Reynold's Number 
Critical Reynold's Number 
Temperature ("C) 
Characteristic Velocity (m/sec) (ft/sec) 
Forward Velocity (m/sec), (ft/sec) 
Tunnel Speed (m/sec) (knots) 
Rotor Tip Velocity (m/sec), (ft/sec) 
Chordwise Coordinate 
Thickness Position 
Tip Path Plane Angle (degrees) 
Advance Ratio 
Solidity 
xiii 
1.0 INTRODUCTION 
The rotorcraft of today generate complex acoustic signatures. 
Contributions from both the main and tail rotors arise from a 
number of complex aerodynamic events. Main rotor wake inter- 
actions with main and tail rotors, turbulence ingestion, volume 
displacement, and tail rotor/pylon interaction effects are just a 
part of the complex environment that the rotorcraft aero- 
acoustician must face. The apparent intractability of this 
situation leads one to utilize a phenomenon-oriented approach to 
understand the problem and propose solutions. In this way, 
important steps may be taken to reduce the noise in spite of the 
lack of a first principles, all-encompassing aeroacoustic theory. 
One technique which is utilized to reduce the complexity of the 
problem and provide direct control of the important parameters is 
wind tunnel testing of isolated components. Many tests have been 
conducted on various scales in various facilities. Acoustic 
measurements of a full-scale rotor have been made in the NASA Ames 
wind tunnel by M. Mosher[l]. Acoustic 'treatments to the tunnel 
were not incorporated at the time of these tests. Four tip shapes 
were studied, and the test identified a low noise configuration. 
Schmitz, et al, [Z] have conducted anechoic wind tunnel (DNW) 
tests to compare model scale data with data acquired utilizing 
their in-flight technique [3]. 
Model scale testing in wind tunnels for explicit acoustic purposes 
have taken place since 1966, when Leverton [4] conducted his 
initial tests to study "Blade Slap" utilizing a small scale model. 
Harris and his co-workers at Massachusetts Institute of Technology 
have conducted a number of anechoic wind tunnel tests on a l/lO-th 
scale model [4,5]. Although valuable insights into the rotor 
noise problem were gained, the low Mach numbers together with the 
low Reynold's numbers involved raise questions with respect to the 
direct applicability of their results to full-scale rotors. It is 
known that important aerodynamic factors such as the boundary 
layer thickness and the vortex structure are sensitive to the 
Reynold's number. Unfortunately, no definitive experiment has 
been conducted to date which determines the critical transition 
region for various aeroacoustic phenomena. 
Because of the importance of the radiated acoustics to the mili- 
tary detection and the community annoyance problems, it is ex- 
pected that acoustic wind tunnel testing will be an important 
component of future rotorcraft technology development. Although 
anechoic wind tunnel facilities exist at the United Technologies 
Research Center [6] and Massachusetts Institute of Technology, the 
test section size limits the scale of models which can be tested. 
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It is therefore important to determine if any of the rotorcraft 
noise mechanisms can be re-produced at these small scales. 
This report provides an account of the series of small (0.76 meter 
diameter) model rotors tested in the U;T.R.C. Acoustic Research 
Tunnel (ART). The effects of several design and operating para- 
meters on the noise characteristics are evaluated. Test condi- 
tions representive of low speed descent are included to study the 
blade/vortex interaction noise phenomenon. High speed noise is 
evaluated for a number of level flight conditions up to high speed 
cruise (140 kts, 71.4 m/sec). Overall noise and integrated 
flight-scaled metrics are used to evaluate the noise level for all 
conditions. 
A cooperative program to study the main rotor/tail rotor inter- 
action noise problem under the NASA contract NAS1-17146 is pre- 
sently underway. Under this NASA/ARMY/SIKORSKY effort an isolated 
1/5-scale main rotor wind tunnel test in the Langley 4 x 7 meter 
wind tunnel was conducted in 1983 [7]. The results of those tests 
are compared with the 1/20-th scale low speed acoustic data taken 
in the U.T.R.C. (ART). Since it has been shown that blade-vortex 
interaction noise may be successfully scaled [8] on a rotor of 
approximately the same geometric scale (1/7-th scale model of the 
AH-1G helicopter rotor) and that the 4 x 7 m tunnel can be used 
for BVI acoustic investigations [ 9 ] ,  the 4 x 7 meter tunnel 
results are used as the benchmark by which the usefulness of the 
1/20-th scale test is determined. 
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2.0 TEST FACILITIES, APPARATUS AND PROCEDURES 
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2.1 UTRC Acoustic Research Tunnel 
The investigation was conducted in the UTRC Acoustic Research 
Tunnel (ART). This anechoic wind tunnel has been extensively used 
for various aeroacoustic research projects involving small scale 
helicopter rotors [6], propellers, jet engine fans and exhaust 
nozzles. A picture of the experimental model installed in the ART 
is shown in figure 1. Fiberglass wedges cover all walls, the 
ceiling, the floor, and the turntable mechanism supporting the 
model rotor system. These wedges may also be seen in Figure 1. 
The wind tunnel is an open-circuit, open-jet facility. A number 
of (circular) nozzles of various geometries may be installed in 
the tunnel. For this experiment the 1.27 m (50 inch) diameter 
nozzle was used. This allows an upper limit of tunnel speed of 72 
m/sec (140 kts). Figure 2 provides the dimensions of the ART and 
the microphone locations used during the test. The background 
noise at two in-flow microphones are provided in Appendix A. 
Since the out-of-flow microphones have much lower ambient noise 
levels, their background noise has not been shown. 
2.2 Acoustic Test Rig 
The experiment was conducted utilizing Sikorsky's Acoustic Test 
Rig (ATR). A schematic of the ATR is shown in Figure 3 .  The 
system consists of a rotor hub and swashplate assembly attached to 
the front end of a variable frequency drive motor which is canti- 
levered from the metric side of a six component strain gage 
balance. The ground side of the balance is supported from the 
upper end of the main vertical support strut. The lower end of the 
support strut attaches to the turntable mechanism which provides 
rotor shaft tilt capability. The motor housing was faired and the 
vertical support strut remained outside of the flow for all t e s t  
conditions. 
The rotor hub had blade flapping capability, but had no lead-lag 
hinge. Blade flapping motion can be measured on one blade by 
means of a flapping potentiometer mounted from a bracket on the 
hub and a sector gear attached to the spindle. Collective pitch is 
set remotely by movement of the swashplate assembly by a linear 
actuator mounted to the drive motor. A potentiometer is provided 
to calibrate swashplate travel and blade pitch. A support housing 
is bolted to the front plate of the drive motor which acts as a 
guide for movement of the swashplate and also houses a bearing 
3 
I just below the rotor hub to support over hung loads developed by 
the rotor system. The rotating element of the swashplate is 
driven by two studs, acting as rotating scissors, which are 
located at a 180 degree spacing on the unit. These studs extend 
upwards and slide through two bushings in the rotor hub. The non- 
rotating swashplate is restrained by the collective drive pinion. 
The rotor system has no cyclic pitch capability. 
The drive motor is a Task (subsidiary of Able Corporation) vari- 
able frequency 4 pole motor rated at 20 horsepower at 12,000 RPM, 
400 cycles and 1.2 volts/Hz. The motor is equipped with a hole 
drilled through the length of the armature shaft to permit routing 
of the instrumentation wiring. The rear of the armature shaft is 
threaded to permit installation of the slip ring used for measure- 
ments on the rotating components. 
The motor with swashplate assembly and rotor is supported from a 
Task Corporation six-component internal strain gage balance. The 
raw balance signals are sent to the data acquisition/control unit. 
A schematic of the system used for processing the balance data and 
the other non-acoustic data is shown in Figure 4. The HP 3497A 
Data Acquisition/Control unit has a 20 channel multiplexer N i t h  
thermocouple compensation and a 100 kHz reciprocal counter. 
Acting as a digital volt meter, the units A-to-D converters relay 
all balance and thermocouple signals to the HP86 desktop computer 
system. The HP86 applies a calibration matrix to the signals to 
obtain the relevant loads in engineering units. Control system 
I software then displays this information on the HP82913A monitor. 
The pilot, interacting with this display, adjusts shaft tilt and 
collective pitch to set the desired operating conditions. When 
the conditions specified in the test plan have been reached, final 
data acquision is begun. These data points are stored on floppy 
disks within the HP 9130A disk drive, and a hard copy is produced 
by the HP 82905B printer. A sample of this printout is shown in 
Figure 5. 
2.3 Acoustic Data Acquisition System 
A schematic of the acoustic data acquisition system is shown in 
Figure 6. Six 0.635cm (0.25 in) B&K type 4135 condenser micro- 
phones were used. Their location in the wind tunnel is shown in 
Figure 2. The three microphones located in the flow (mics 2, 8 
and 9 )  are fitted with B&K type UA0385 nose cones. B&K type 2633 
preamplifiers are connected to B&K type 2807 power supplies. 
These power supplies are connected via BNC cables to custom built 
amplifiers/attenuators in the control room. The output of the 
amp/attenuator system is then split. Each microphone signal is fed 
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directly to the EM1 9000 28-channel tape deck. Also the signals 
for each microphone are sent to Krohn-Hite 3342 high pass filters, 
where a 30 kHz high pass filter was applied. These filtered 
channels were then amplified by NEFF model #124A amplifiers. 
These filtered signals were then recorded on separate channels of 
the EM1 9000 tape deck. The filtered signals provide an improved 
signal to noise ratio for the higher frequencies present during 
BVI conditions, where the lower frequencies are of very high 
level. On-line monitoring of the acoustic measurements was 
provided by a Nicolet 4094 digital oscilloscope (time histories) 
and a Nicolet 444 spectrum analyzer (narrow-band spectra). 
Selected time waveforms were stored with the Nicolet 4094 floppy 
disk drive and plots were obtained on an HP 7074A digital plotter. 
A 32-channel Scan-Scope #1810 was connected to the output of the 
playback channels of the tape deck to verify that acceptable 
signal levels were recorded for each test condition. 
A once per revolution signal was recorded simultaneously with the 
acoustic data. The once per revolution signal was generated as 
follows. A 72 tooth gear was attached to the rotor shaft. One of 
the teeth on this gear was removed. A magnetic pick-up was 
mounted in the fixed frame. The low-level signal generated by the 
rotating gear was amplified and conditioned by a "missing pulse" 
detector circuit. The missing pulse, which was generated by the 
missing gear tooth, was recorded as the once per revolution timing 
pulse. The missing tooth on the gear was aligned with the blade 
which drove the flapping potentiometer. This permitted orienting 
the flapping trace to blade azimuth. The flapping trace in con- 
junction with shaft angles could then be used to determine blade 
tip path plane angle. 
To verify the adequacy of the acoustic data acquisition system 
frequency response characteristics a "white noise" signal (2 Hz to 
200 kHz bandwidth) was inserted into each channel. The resulting 
spectra were flat from 2 Hz - 80 kHz, which was the frequency 
range of interest for this test program. A B&K type 4220 piston- 
phone was used to apply a 123.8 dB, 250 Hz calibration tone to 
each microphone channel prior to and upon completion of acoustic 
data acquisition for the day. 
2.4 Data Reduction Techniques 
The primary data reduction format used was a 1/12-th octave 
spectrum, with the equipment required for this reduction technique 
shown in Figure 7. The FM magnetic tape, which was recorded at 
120 ips and IRIG wideband group I, was Ampex type 797. The test 
condition selected is located on the tape and the relevant micro- 
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phone signal is sent to either a B&K 2131 Digital Frequency 
Analyzer or a combination of a B&K 2134 Sound Intensity unit and a 
B&K 4715 Display unit. There the data is digitized and digital 
filters provide the 1/12-octave spectral components of the signal. 
These 1/12-octave levels are then used to compute flight scaled 
A-weighted, D-weighted and Overall Sound Pressure Levels (OASPL) 
using a program developed at Sikorsky Aircraft. This flight 
scaling is achieved by shifting the weighting functions by the 
ratio of the model scale frequency to the full scale frequency. 
These shifted weighting functions are then applied to the 1/12- 
octave spectral components. Typically the data reduction is con- 
ducted at 30 ips tape speed. Not only does this enhance the ac- 
curacy by bringing the higher frequencies within the capability 
of the analyzer, it also facilitates the comparison of the 1/20-th 
scale model rotor data with data from the 1/5-th scale rotor. The 
resulting spectrum and metrics are then plotted on an HP 9872A 
4-pen digital plotter. A sample of the 1/12-th octave spectrum 
and metrics is shown in Figure 8 .  Tunnel background noise spectra 
(1/12-th octave bands) with model installed without rotor blades 
are shown in Appendix A for various tunnel speeds. 
Acoustic time histories and narrow band spectra were acquired for 
selected test points to provide supplementary information for data 
analysis. Narrow band spectra are shown in Appendix B. For the 
acoustic time histories, a HP 5423 analyzer replaces the desktop 
computer and the B&K frequency analyzers as shown in the schematic 
of figure 7. The acoustic data is processed for instantaneous 
time history. For acquisition of bandwidth adjustable narrow band 
acoustic data an HP 5420 Spectral Analyzer is used. Once again 
the HP 5420 replaces the desktop computer and B&K analyzer as 
shown in the schematic of Figure 7. Average power spectral 
density plots are obtained with "free run" sampling (without 
synchronizing with rotor RPM) and using a Hanning window. 
I 2.5 Model Rotor Blades 
Table I summarizes the rotor configurations tested. Figure 9 
shows the planforms of the seven (7) rotor systems tested, along 
with the twist and airfoil information. Essentially two different 
airfoils have been used in the tip region of various configura- 
tions. The SC1095 airfoil, in use on many Sikorsky Aircraft 
models, is called the standard airfoil. The SSC-A09 airfoil, 
designed for higher Mach number operation, is called the advanced 
or the new airfoil. The profiles of these two airfoils are shown 
in figure 10. The rectangular tip rotor is a scaled version of 
the UH-1H rotor with NACA0012 airfoil. As the rotor bearings were 
showing signs of wear, the UH-1H rotor was not tested at high 
tunnel speed. 
' .  
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The rotor blades have a .76 meter (30 inch) diameter and a 2.54 cm 
(1.0 inch) chord. Configuration 7, representative of the UH-1H 
rotor, has a 2.77 cm (1.09 inch) chord. The elastic axis and C.G.  
of the blades are coincident at the quarter chord. The blades 
were fabricated using fiberglass (skins), graphite (spar) and foam 
in a two piece high temperature epoxy. The blades used are not 
dynamically scaled since dynamic scaling at such a small geometric 
scale is virtually impossible. Every attempt was made to maintain 
a close tolerance during the manufacturing process to ensure 
uniformity of blades. 
The Reynolds number on various configurations varied significantly 
due to the changes in the blade tip chord and rotational speed. 
The Reynold number at two tunnel speeds for the l/aO-scale model 
as well as for the 1/5-scale model and the full scale helicopter 
rotor blades are provided in Table 11. 
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CONF I G 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
TIP 
Baseline Tip 
S-76 Tip 
Large Swept 
Tapered Tip 
Large Swept 
Tapered Tip 
Rectangular 
Parabolic 
Swept Tip 
Baseline 
Tip, Low Twist 
TABLE I 
BLADE GEOMETRIC DESCRIPTION 
AIRFOIL 
SC1095 
SC1095 
New Airfoil* 
SC1095 
NACA0012 
New Airfoil* 
SC1095 
TWIST 
-16O 
-loo 
-16' 
-16' 
-10' 
-16O 
-loo 
* NEW AIRFOIL - SSCAO9 TIP, SC1095 INBOARD 
SWEEP AND 
.94R 
.95R 
.92R 
200 
30' 
33 O 
I 330 .92R --- 
.92R 
No Sweep 
30° 
TAPER 
.6C 
.6C 
.6C 
.6C 
No Taper 
.6C 
No Taper 
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221 
205 
221 
SCALE 
1/2 0 
- 
115 - 
WLL 
- 
0.459 
0.259 
0.275 
CONF'IG 
# 
221 
1 
2 
3 
4 
5 
6 
7 A  
B 
1 
2 
0.275 
TABLE I1 
REYNOLDS NUMBER RANGE OF CONFIGURATIONS TESTED 
248 
221 
221 
205 
221 
205 
221 
205 
DESCRIPTION 
0.554 
0.275 
0.459 
0.431 
1.652 
0.803 
9.5 
4.04 
Baseline, -16' 
S-76 Tip, -10' 
LSTT, New A/F, 
-16O 
LSTT, Std A/F, 
-16' 
Rect. Tip 
PST, New A/F, 
Baseline, -10' 
Baseline Tip 
Baseline Tip, 
S-76 Tip,-lOO 
(UH-1H) 
-loo 
-16O 
UH-60 
S-76 
Reynolds Numi 
QR I V=30.7 m/sc (60 kts) 
n/SEC I @ r = 1.OR @-r = 0 . 9 ~  
0.418 
0.393 
0.418 
0.418 
0.505 
0.418 
0.418 
0.393 
1.505 
1.218 
8.653 
6.13 
c in Millions 
V=71.7 m/s : (140 kts) 
@ r = 1.0~ 
0.533 
0.303 
0.32 
0.32 
X 
0.32 
0.533 
0.505 
1.919 
0.939 
11.033 
4.727 
@-r = 0.9k 
0.493 
0.468 
0.493 
0.493 
X 
0.493 
0.493 
0.468 
1.775 
1.451 
10.205 
7.3 
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I 3.0 RESULTS AND DISCUSSION 
The results of the test described in the preceding sections are 
presented here. The effects of geometric scale on the acoustic 
pressure time history, spectral characteristics and trends of 
integrated noise metric with various parameters are shown. In 
addition, the noise trends with various flight and design vari- 
ables are provided for both the BVI and high speed level flight 
conditions. 
Though the original intent was to develop noise trending relation- 
ships with operational parameters for various rotor blade config- 
urations, as shown in Reference 10 and also later in this section, 
simulation of the larger scale model acoustic characteristics at 
lower speeds could not be achieved with confidence. Even while 
failing to achieve the larger scale representation, this research 
program highlighted and revealed significant effect of viscosity 
on various noise source mechanisms of a rotor. 
The results are first presented for the low speed condition and 
later for the high speed condition. The Microphone locations used 
in these discussions are provided in Table 111. 
3.1 Low Speed Acoustics 
Typically Blade Vortex Interaction (BVI) noise dominates acoustics 
under descending conditions (positive tip path plane angles) in 
the low speed flight regime. All the seven rotor configurations 
shown in Figure 9 were tested at low speeds. Typical test matrix 
used during these low speed tests is provided in Table IV. In 
addition to the conditions provided in Table IV, rotational speed, 
tunnel speed (at constant advance ratio) and thrust coefficient 
were varied for some of the configurations to study their effect 
on acoustic characteristics. Results of these tests are provided 
in this chapter. Details of the narrow band spectra €or selected 
cases are provided in Appendix B and sample 1/12-octave band 
spectra for both the 1/20 and 1/5-scale models are provided in 
Appendix C. 
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1/20 Scale 
FORWARD, DOWN: 
MIC 2 (r/D=1.0,Y=155°,e=300) 
UNDER THE ROTOR 
MIC 9 (r/D=0.25,Y=110°,e=350) 
ON-AXIS, ON THE WAKE SIDE 
MIC 7 (r/D = 3.0) - out  of flow 
MIC 8 (r/D = 0.5) - in flow 
TABLE I11 
MICROPHONE LOCATIONS 
1/5 Scale Full Scale 
MIC 5 (r/D=1.6,Y=177',8=23') MIC 1 (r/D=1.5, 
~1=1780, e=iso 
MIc 1 (r/D=0.25,Y=110°,e=35') 
CONF I G CONF I G RR TUNNEL 
# DESCRIPTION TWIST m/sec ft/sec m/sec knots 
1 BASELINE -16' 22 1 725 30.7 60 
3 LSTT, SSCA09 
4 LSTT, SC1095 
6 PST, SSCA09 
2 S-76 -10' 205.6 675 30.7 60 
7 BASELINE TIP 
5 UH- 1H -10' 248.1 814 35.8 70 
TABLE IV 
cT 
0.007 
0.007 
0.0056 
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I 3.1.1 Effect of Geometric Scale: 
I 
The acoustic time history for the 1/20-scale model S-76 Configura- 
tion (#2) rotor under typical BVI conditions is compared with that 
of the 1/5-scale model (Ref 10) under similar conditions (with the 
exception of the microphone location and minor difference in speed 
of sound) in Figure 11. The 1/5-scale model data was acquired in 
the NASA 4mx7m wind tunnel under the contract NAS1-17126 and 
further details can be obtained in Reference 7. Additionally, 
these data are compared with the acoustic time history of the S-76 
helicopter in descent at 6' glide slope and 38  m/sec (74 knots). 
Unfortunately this is a higher advance ratio condition than the 
model test conditions. Further, the thrust coefficient of the 
full-scale flight test is lower than that for the scale models and 
the time history is obtained at an instance when the S-76 heli- 
copter was estimated to be at a position where the microphone is 
approximately 30' below the main rotor path plane. Consequently, 
though one cannot make a direct comparison of the model scale 
results with the full-scale results, the characteristics of their 
BVI noise signature can be compared. 
I t  can be seen in Figure 11 t h a t  t h e  1/20-scale model S-76 r o t o r  
(config. 2) BVI acoustic time history does not adequately show the 
multiple impulses of the larger scale rotors. However, the indi- 
vidual blade interactions with the vortex are well defined. This 
data in spectral domain is shown in Figure 12 together with that 
of the 1/5-scale model. While the l/S-scale model spectra shows 
multiple lobes, the l/2O-scale model spectrum has no lobes. This 
could be caused by either the reflections in the semi-anechoic 
NASA 4x7m tunnel used for testing the 1/5-scale model or by the 
lack of multiple inpulses in the l/aO-scale model BVI acoustic 
time history. Further, the spectral levels at mid-frequencies 
relative to the first harmonic level are slightly smaller for the 
1/20-scale model than the same for the 1/5-scale model. 
While the data at advance ratio of 0.15 for the S-76 configuration 
showed discrete and well defined BVI impulses, the data at other 
advance ratio conditions have shown significant unsteadiness and 
at times drastically different characteristics. Acoustic time 
histories of the l/aO-scale S-76 configuration at various advance 
ratios is shown in Figure 13. Though it would have been useful to 
hold constant Mach number while changing the advance ratio, such a 
variation was not done. However the BVI time histories at two 
Mach numbers (0.69 and 0.746) and an advance ratio of 0.15 show 
similar characteristics (Figure 11 and 13a) indicating that the 
effect of Mach number on the character of the signature is neglig- 
ible. Keeping this in mind, one can clearly see from Figure 13 
that the advance ratio effects the BVI acoustic signature of the 
l/aO-scale model significantly. 
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Acoustic characteristics of the baseline tip configuration 1 at an 
advance ratio of 0.14 are provided for the 1/5 (mic 5) and 1/20- 
scales in Figure 14. As in the case of the S-76 configuration 2 
(mic 2), the l/aO-scale model BVI does not have the impulsivity 
exhibited by the 1/5-scale model rotor. Further, the BVI impulse 
appears as a very large low frequency positive impulse which 
causes the first few harmonic noise levels to increase in the 
spectral domain. In the mean time the mid frequency harmonic 
levels are considerably lower than those for the 1/5-scale model 
even though the microphone was placed nearer to the 1/20-scale 
model (1.0 diameter) than the one used in the 1/5-scale model test 
(1.6 diameter). Once again, the low frequency character does not 
appreciably change with the Mach Number (Figure 15). It does not 
appear to change at microphone 9 either (Figure 16). 
Acoustic Characteristics similar to the Baseline configuration 1 
was obtained for the LSTT with new airfoils (Config. 3) at identi- 
cal conditions (Figure 17). However, the two bladed UH-1H con- 
figuration 5 at an advance ratio of 0.145 yielded slightly more 
impulsive signature (Figure 18) than the one shown in Figure 17 
for the l/aO-scale model. Though the character of the acoustic 
signature for this configuration is similar to the one obtained 
for the S-76 configuration at an advance ratio of 0.15 (Figure 
ll), BVI impulse is wider than that of the S-76 configuration 2. 
From the discussion so far, it should be noted that all the 1/20- 
scale models have lower frequency BVI signature and that the 
signal character is very sensitive to the advance ratio. Since 
the advance ratio determines which part of the trailed vortex the 
blade interacts with, if certain sections of the small scale model 
trailed vortex wake are in a very turbulent state (with mutual 
interactions), one can explain why the BVI acoustic signature is 
sensitive to the advance ratio. Further work is warranted to 
study this phenomenon. 
Even when the higher harmonic noise levels are suppressed by the 
viscous effects at the 1/20-scale, one can still see discrete 
tones in the BVI noise spectra (Figures 12, 14 and 17). Appendix 
B provides a sample of narrow band power spectral density plots 
for each one of the seven configurations tested. From these it is 
fairly clear that the BVI noise is a discrete frequency noise and 
not a broadband noise phenomenon even at as low a Reynolds number 
( @  90%R) as 400,000. 
3.1.2 Effect of Scale on Noise Trends: 
The 1/20-scale model BVI noise trends with thrust coefficient and 
advancing blade tip Mach number (at a constant advance ratio of 
0.14) for the baseline rotor configuration 1 and the LSTT config- 
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uration 3 are compared with the corresponding 1/5-scale model 
rotor noise trends in Figures 19 and 20. The noise levels at 
microphone 2 of the 1/20-scale model data are corrected to account 
for the distance effect using the inverse square law. Similarly 
the noise levels at various thrust conditions for the 1/5-scale 
model are increased to account for the difference in the Mach 
number between the two scales (due to test temperature differ- 
ence). This Mach number correction was based on the noise trends 
with advancing blade tip Mach number. From these two figures one 
may see that the overall sound pressure level (OASPL) for the 1/20 
scale model are 3 to 8 dB higher than the same for the 1/5-scale 
model. On the other hand, "D" weighted noise levels (dBD) of the 
l/20-scale model are lower for the baseline configuration and 
almost identical for the LSTT configuration. Of course, this is 
not totally surprising based on the discussions in the preceding 
section. It may be recalled that the lower frequency levels were 
enhanced at the 1/20-scale and the mid-frequency levels were 
suppressed. OASPL, being an unweighted noise metric, is dominated 
by the increased levels of lower frequency. On the other hand, 
dBD being weighted higher at the mid to high frequency region, 
downplays the increase in the lower frequency levels. Fortuitous- 
ly the increase in the lower harmonic noise levels and the reduc- 
tion in the higher harmonic noise levels compensate each other in 
the "D" weighting scheme, resulting in almost equal dBD levels for 
the two scale models of the LSTT ( # 3 )  configurations (Fig. 20). 
For the baseline configuration the suppression in mid-frequency 
BVI noise level at the 1/20-scale is far too large and hence the 
l/5-scale dBD levels are higher than those of the l/ZO-scale 
(Figure 19). Additionally, the 1/5-scale model dBD noise levels 
increase with the thrust coefficient at a higher rate than the 
same for the 1/20-scale. Once again this is the manifestation of 
the fact that the acoustic levels in the mid-frequency region for 
1/20-scale model are suppressed by viscous effects. 
Tip path plane angle of the rotor with respect to the free stream 
determines if the rotor blades encounter strong vortex interac- 
tions. Consequently, it is an influential parameter which deter- 
mines the BVI noise levels. Such noise trends for the baseline 
tip configuration 1 are provided at two directivity locations for 
both the 1/5-scale and l/aO-scale models in Figure 21. In these 
comparisons l/aO-scale microphone 2 data has been corrected (using 
inverse square law) to a reference distance of 1.6 rotor diameter 
and the 1/5-scale model test data has been corrected to 15OC. 
Since the 1/20-scale model test was conducted at approximately 
15OC, no temperature correction was applied to it. From Figure 21 
one can notice that the OASPL for the l/aO-scale model is higher 
than the 1/5-scale model in the forward location (mics 2 and 5). 
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However, the inverse is true under the rotor (mics 9 and 1). On 
the other hand the weighted noise metrics (dBA and dBD), indica- 
tive of the higher frequency BVI noise, remain lower than the 1/5 
scale model throughout the test range. In addition, the 1/20 
scale model dBA and dBD metrics are far less sensitive to the tip 
path plane variations than the 1/5-scale model noise. 
3.1.3 1/20 Scale Model BVI Noise Trends: 
So far it has been shown that the 1/20-scale models do not ade- 
quately reproduce the larger scale BVI noise trends. Conse- 
quently, additional noise trend data is presented sparingly for 
BVI conditions. First of all the BVI noise trends with the thrust 
coefficient at two tip path plane angles and two microphone loca- 
tions are provided in Figures 22 and 23 for the baseline configur- 
ation 1 and the LSTT with new airfoil configuration 3 (quietest in 
1/5-scale tests). Very little difference in the BVI noise trends 
with thrust may be seen from these figures. As discussed in the 
earlier section, these trends are smaller than the trends obtained 
at the 1/5th scale. 
Another interesting comparison between the 2-bladed UH-1H config- 
uration 5 and the baseline UH-60 configuration 1 is provided in 
Figure 24. It should be noted that the rotational tip Mach number 
and the advance ratio for the two tips are different. The intent 
here is to illustrate the fact that the OASPL for the UH-60 
configuration 1 with respect to their dBD and dBA levels are far 
higher than the same for the UH-1H configuration 5. Once again, 
this can be related to the acoustic time history characteristics 
of 1/20-scale models shown in Figures 14 and 18. 
3.1.4 Nearfield-Farfield Comparisons: 
The relationship between the nearfield (0.5D) measurements and the 
farfield (3.OD) measurements are shown in Figures 25 and 26 at two 
on-axis microphones. These on-axis microphone locations are used 
to minimize the shear layer diffraction effects. Except for the 
baseline configuration 1, similar noise trends with the tip path 
plane angles for the nearfield and farfield microphones can be 
seen in these figures. Indeed difference between the near-field 
and far-field microphone noise levels for the LSTT configuration 3 
with new airfoils and LSTT configuration 4 with SC1095 airfoils is 
approximately 11 dB in OASPL and 10 dB in dBD at all tip path 
plane angles. If one were to assume that the BVI noise source is 
at the hub this translates into (d)-le3 relationship for dBD and 
(d)-le4 relationship for OASPL. Indeed the BVI noise source is 
not at the hub and it is probably closer to the blade tip. If we 
make such an assumption, the BVI noise relationship with distance 
is approximately (d)-le6 for dBD and (d)-la7 for OASPL. 
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In the case of the baseline configuration 1, an anomalous behavior 
in the D weighted noise level can be seen in Figure 25. The 1/12 
octave spectra for the in-flow microphone 8 shows (Figure 2 7 )  an 
unusually large "hump" in the near-field spectra. Such a "hump" 
is not present in the case of the Large Swept Tapered Tip Con- 
figuration 3 with new airfoils (Figure 28). For unknown reason, 
the ''humpy" spectra for configuration 1 at microphone 8 was seen 
at all conditions tested and similar behavior was also present for 
the lower twist baseline tip configuration 7 and the Parabolic 
Swept Tip configuration 6. Other configurations did not show such 
a behavior. 
3 . 2  High Speed Acoustics 
In the earlier section the BVI noise dominated low speed acoustic 
characteristics of the 1/20-scale model main rotors were dis- 
cussed. In this section the characteristics of these model rotors 
at high-speed flight are discussed. Since approach and take-off 
are seldom conducted at high speeds, only the level flight condi- 
tions are simulated. The model was typically tested at increasing 
nose down position (negative tip path plane angles) with the 
tunnel speed to simulate the propulsive force required to overcome 
the system drag forces. The tip path plane schedule used with the 
tunnel speed is shown in Figure 29. 
The rotor bearings showed excessive wear during the high-speed 
test runs of the UH-1H configuration ( # 5 )  and hence it was decided 
not to continue testing them. Consequently, high-speed noise data 
on this configuration could not be obtained. Additionally, though 
an in-plane microphone location on the advancing side would have 
been ideal for high-speed noise measurements, due to the tunnel 
and model sizes and for fear of flow distortions, decision was 
made not to place any in-plane microphones. All the data is pre- 
sented for the same microphone locations (Mics 2 and 9) as in the 
previous section. Scale comparisons, while being sparse, are 
typically conducted with the full-scale UH-60 and S-76 flight test 
data available in the public domain. 
3.2.1 Effect of Scale on High-speed Noise 
Unlike the low speed conditions, high-speed noise data on the 
larger scale configurations of the 1/20-scale models tested are 
sparse. While 40 x 80 ft wind tunnel (acoustically untreated) 
test data for the full-scale S-76 rotor (Ref. 1) is available, 
they are affected by tunnel reverberation and reflection. Indeed, 
a good account of the effect of wind tunnel walls on discrete 
frequency noise authored by the same author can be found in 
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References 13 and 14. Indications from these references are that 
the measurements at a microphone placed in the forward direction 
at approximately 1.5 diameter in the tunnel will probably be 
higher than the same in the free field. Even so, the OASPL and 
dBD levels for the 1/20, 1/5 and full-scale rotors are compared 
over a range of Mach numbers for the standard S-76 configuration 
in Figure 30. 
Before drawing any conclusions on the agreement between the 
various scales, one has to bear in mind a few differences between 
the scale models tested. For example, the tip path plane schedule 
used for the l/aO-scale model is shown in Figure 29. However, the 
same for the full-scale rotor was a constant -5'. In the case of 
the 1/5-scale model, the data for a tip path plane angle of -2' is 
used. Further, the microphone placements in the three cases are 
different (Table 111). In spite of these differences, a good 
agreement between the scale models appears to emerge in terms of 
OASPL. While the OASPL trends of 1/5 and l/aO-scale models are 
identical, the full-scale trend appears to be different. The 
noise levels for the full-scale model are far higher than the 
other scales at lower speeds and at very high speeds. It is not 
clear if the tunnel reverberation effects are the cause for this 
difference in the OASPL trend. 
The full-scaled D-weighted noise trends shown in the same figure 
show significantly higher level for the full-scale model than 
those for the smaller models. However, the dBD noise trends (not 
the levels) with Mach number for the three scales become identical 
at higher speeds. Indeed, the trends are identical for the 1/5 
scale and l/aO-scale models even at lower Mach numbers. 
As discussed earlier, the high-speed negative tip path plane angle 
flight conditions represent non-BVI conditions. Though we have 
concluded that the BVI conditions are not well represented at the 
1/20-scale, the general agreement in the noise trends shown in 
Figure 30 indicates that the non-BVI noise sources prevalent in 
the high-speed flight conditions are at least qualitatively repre- 
sented. 
Further evidence of this is provided in Figure 31, where the 
maximum "A" weighted noise trends at the centerline ground plane 
microphone during the flight tests of the UH-60 and the S-76 
helicopters (Ref. 15) are compared with the flight scaled "A" 
weighted noise trends for the 1/20-scale model configurations 1 
and 2. Absolute levels are not provided in these figures since 
the instance at which the maximum "A" weighted noise levels 
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occurred during the flight is not known. However, the trends were 
plotted by normalizing all the flight test data to 4.5 diameters 
over the microphone at the time of the helicopter's overhead 
location. The "A" weighted noise trends shown in Figure 31 show a 
good agreement between the 1/20-scale and the full-scale S-76 
configuration considering the crudeness of the method of comparing 
the two. The l/aO-scale UH-60 model configuration 1 shows trends 
similar to the S-76 models, but the full-scale UH-60 noise trends 
are much different. 
3.2.2 Effect of Translational Speed on Noise 
The effect of design changes on the noise for various advancing 
blade tip Mach Numbers resulting from tunnel speed variations are 
shown in Figure 32. Of these configurations, only the S-76 
configuration (#2) was operated at a tip speed of 205.7 m/sec (675 
ft/sec) whereas the other configurations were operated at 221 
m/sec (725 ft/sec). As can be seen, most of the configurations 
operated at the higher tip speed show decrease in the noise level 
from Mach 0.783 (90 knots) to 0.798 (100 knots). Indeed this is 
not surprising since the advance ratio at an advancing blade tip 
Mach number or 0.783 is only 0.21, which is still the region of 
vortex interactions. 
It can also be noted from Figure 32 that the large swept tapered 
tip with the new airfoils is the quietest configuration tested. 
This incidentally is also the quietest of the tips tested at 1/5 
scale under BVI conditions. 
3.2.3 Effect of Rotational Tip Speed on Noise Trends 
The noise levels in terms of OASPL, dBA and dBD at microphones 2 
and 9 for various rotational tip speeds and 71.4 m/sec (140 knot) 
tunnel speed are discussed for various rotor configurations in 
this section. These levels are plotted in Figures 33 to 38. In 
these figures, both the baseline tip configurations I (Figure 33) 
and 7 (Figure 38) show steady increase in noise levels with 
rotational Mach number. On the other hand, the sensitivity of all 
other configurations to rotational tip Mach number is either 
fairly low or erratic, specifically at microphone 9 mounted under 
the disk. On the other hand, such insensitivity to the Mach 
number was not obvious in Figure 32 where the tunnel Mach number 
was varied. 
Typically, one expects to find similar noise trends with advancing 
blade tip Mach number irrespective of whether the tunnel speed or 
rotational speed was changed within a reasonable range. The 
results shown here for all the rotors show a lower sensitivity to 
Mach number when the rotational tip speed is varied and the tunnel 
speed is held constant. One of the differences of achieving 
particular Mach number through these means is the advance ratio. 
The advance ratio influences a number of acoustic phenomena such 
as the vortex interaction with the blade and retreating blade 
stall. All the 1/20-scale models tested were operated at low 
Reynold's numbers. Therefore, they are likely to stall at advance 
ratios lower than those for the larger scale models and result in 
increased noise levels. Such an increase appears to have caused 
higher than normal noise levels at lower rotational tip speeds and 
caused the models to have lower sensitivity to the tip speed 
changes. The fact that the larger chord baseline tip configura- 
tions 1 (Fig. 3 3 )  and 7 (Fig. 38)  show a higher sensitivity to the 
tip speed than the other configurations with smaller chord (2 ,  3, 
4, and 6; see Figs. 34  to 37)  provides additional credibility to 
this hypothesis. 
3 .2 .4  Effect of Rotor Lift Coefficient on Noise 
Sound pressure levels in terms of OASPL, dBA and dBD are shown for 
a rotational tip Mach number of 0 .65  and advance ratio of 0.327 in 
Figures 39 and 40 for a total of 5 configurations. The same for 
two configurations at a rotational tip Mach number of 0.607 and an 
advance ratio of 0 .35  are shown in Figure 41. The sound pressure 
levels are provided at microphones 2 and 9 in all these figures. 
Though it would have been desirable to have data over a wide range 
of lift coefficients, due to the flapping and stress constraints 
on these small scale rotor models with no cyclic control, only 
limited data could be obtained during the tests. 
A s  can be seen in Figures 39 through 41, typically the swept 
tapered tip configurations 2, 4, and 6, show less sensitivity to 
lift coefficient variations than the constant chord configurations 
1 and 7.  Similar behavior of the swept tapered tips was described 
in the earlier section when the rotational tip speed was varied. 
Once again the early stall introduced at small Reynolds number is 
believed to be the cause. 
Though the trends obtained in Figures 39 through 4 1  cannot be 
reliably applied to larger scale models, one could still quali- 
tatively assess the effect of some of the configuration changes. 
For example, Figure 39 shows that the higher twist rotor is 
quieter than the lower twist rotor. Similar comparison among 
swept tapered tips in Figure 40 shows that the large swept tapered 
tips (configurations 3 and 4 )  are quieter than the parabolic swept 
tip (config. 6 ) .  
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I The S-76 configuration 2 (-10' t w i s t )  and the  basel ine t i p  con- 
f igura t ion  7 with -10' t w i s t  operated a t  a ro t a t iona l  t i p  Mach 
number of 0.607 show (Figure 41)  t h a t  t he  swept tapered S-76 t i p  
produces less noise than the  untapered swept configuration 7 .  
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4.0 CONCLUSIONS 
1. 
2. 
3. 
4. 
5. 
6 .  
7. 
The conclusions drawn from the present study are provided in this 
chapter. Of the many conclusions listed below, the large effect 
of viscosity on the acoustic characteristics of small scale models 
is of primary importance. From the discussions in the previous 
section on manifestations of viscous effects it can be concluded 
that very small scale rotor models should not be used to quantify 
the acoustic characteristics of larger rotors. It can also be 
concluded that very small scale rotors do not adequately represent 
the BVI noise characteristics of larger rotors and that only the 
high speed noise trends with tunnel speed are similar to the 
larger rotor trends. Much of these differences are believed to be 
due to viscous effects and in the list of conclusions provided in 
this chapter, the viscosity is believed to have influence on at 
least the first six. These and other conclusions from the present 
investigation are: 
BVI noise of l/ZO-scale model helicopter rotors do not 
approach the impulsivity of larger scale model rotors. 
BVI noise of small scale models have higher amplitude at low 
frequency and smaller amplitude at higher frequency unlike 
the larger scale models which show a substantial increase in 
the mid-frequency and high frequency region. 
The character of the BVI noise of l/ZO-scale models change 
significantly with advance ratio indicating a possibility of 
significant interaction among the vortices in the wake. 
l/ZO-scale model BVI noise is less sensitive to tip path 
plane angle and thrust variations than the larger scale 
models. 
The high-speed level flight condition noise trends of the 
l/aO-scale model with the advancing blade tip Mach number are 
fairly insensitive to the Mach number changes introduced by 
the rotational tip speed changes, particularly for tapered 
tip blade configurations. 
The high-speed level flight condition noise of the 1/20-scale 
models is not very sensitive to thrust variations. 
The large swept tapered tip configuration 3 with advanced 
airfoils was identified as the quietest of the 1/20-scale 
model tips tested at high-speed level flight conditions. 
Though this is the configuration identified as the quietest 
under BVI conditions (1/5-scale tests, Reference lo), it is 
technically not valid to utilize the 1/20-scale model data to 
evaluate tips for BVI noise. Since any comparison we obtain 
cannot be substantiated, such a comparison of tips is not 
provided. 
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0 .  
9. 
10. 
The 1/20-scale model acoustic trends with Mach number are 
similar to those of the larger scale models when the tunnel 
speed is varied. 
The acoustic pressure approximately decays as the inverse of 
1.5 power of distance when measured between two on-axis 
microphones stationed at 0.5 and 3.0 rotor diameters from the 
hub. 
BVI noise is dominated by discrete harmonics even for the 
l/aO-scale model rotor with a Reynolds number of approxi- 
mately 400,000. 
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5.0 RECOMMENDATIONS 
This study has shown a few similarities and a number of differ- 
ences between the acoustic characteristics of very small scale 
(1/20-scale) and larger scale model helicopter rotors. In the 
process, the effect of viscosity on some of the rotor sound 
generation mechanisms have been highlighted. Specifically, it has 
been shown that the BVI noise is significantly altered and the 
high-speed noise, under certain thrust and advance ratio condi- 
tions, is altered. However, the thickness and high-speed impul- 
sive noise mechanisms have not been addressed. Further, while 
indicating differences between various scales, this study has 
raised a number of fundamental questions with regard to the way 
the viscous effects alter various noise sources. It is therefore 
recommended that a series of experiments, preferably in a variable 
density tunnel, be conducted to address the following issues: 
1. The effect of scale on thickness and high-speed impulsive 
noise. Specifically the effects on the following: 
a. Noise levels 
b. Boundary layer effects 
c. Shock-boundary layer interaction at transonic speeds 
2. The effect of Reynolds number on BVI noise. Specifically the 
effects on the following: 
a. Vortex structure, strength and stability 
b. Mutual interaction between vortices at various advance 
ratio 
c. Transient flow-field during vortex interaction 
3 .  The effect of Reynolds number on unsteady loading noise. 
Specifically the effects on the following: 
a. Stall at high advance ratio 
b. Stall at high lift coefficients 
4. The smallest scale allowing adequate representation of 
various noise source mechanisms. 
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Figure 1. 1/20 Scale Experimental Model Installed in the UTRC 
Acoustics Research Tunnel 
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Figure 20. Effect of Thrust Coefficient and Mach N u m b e r  on 
BVI Noise Trends of the Large Swept Tapered T i p  
Configuration (#3) w i t h  New A i r fo i l s .  
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Figure 25. Acoustic Trends at the Near-Field On-Axis, Inflow 
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Figure 27. 1/12 Octave Spectra f o r  the Baseline UH-60 
Configuration 1 a t  t he  Near-Field Microphone 8 
and the Far-Field Microphone 7 f o r  MI  = 0.74, 
p = 0.14, CT = 0.007 and aTPP = 40 I 
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Figure 36. Level Flight Noise Trends with Tip Speed 
for the Large Tapered Tip Configuration 
4 with SC1095 Airfoils at 71.4 m/sec, 
CT = 0.006, and aTPP = -30 
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Figure 37. Level F l igh t  Noise Trends w i t h  Tip Speed 
fo r  the  Parabolic Swept Tip Configuration 6 a t  71.4 m/sec, CT = 0.006 and aTPP = -30 
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Figure 41. High-speed Noise Trends with Lift Co- 
efficient for the s-76 Configuration 2 
and the Baseline Tip Configuration 7 
with - I O o  Twist 
67 
I APPENDIX A 
I TUNNEL BACKGROUND NOISE 
I The tunnel background noise 1/12-octave band spectra with the bare 
hub turning are presented at two in-flow microphones (2 and 9). 
All the spectra provided in this Appendix were obtained by operat- 
ing the tape recorder at 1/4 the speed of data acquisition. This 
procedure facilitates easier comparison of 1/12-octave band 
spectra for the 1/20-scale models with those for the 1/5-scale 
models. 
The tunnel fundamental tone was at 30 Hz (7.5 Hz in the 1/12 
octave plots obtained at 1/4 tape speed) and hence it is off the 
20x4 = 80Hz at which the higher harmonic tunnel tones appear to 
have become unimportant. Tones appearing in the 1/12-octave 
spectra are the harmonics of the rotor hub and they become less 
pronounced at higher tunnel speeds due to the broadband wind 
noise. Indeed one can see the classical V6 relationship in the 
noise levels (printed on the right hand side in OASPL, dBA and 
dBD), where V is the tunnel speed. 
I 1/12-octave plots provided here. The plots shown here start at 
Comparison of these background noise levels with the rotor noise 
levels provided in Appendix C show that the background noise 
levels are far lower than the rotor noise levels. 
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Figure  Al. Tunnel Background Noise for 30 .6  m/sec (60  Knots) 
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Figure A2. 
70 
Tunnel Background Noise for 45.9 m/sec (90 Knots) 
at Microphone 2. 
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Tunnel Background Noise for 61.2 m/sec (120 Knots) 
at Microphone 2. 
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Figure A5. Tunnel Background Noise for 71.4 m/sec (140 Knots) 
at Microphone 2. 
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4 Figure  A7. Tunnel Background Noise for 45 .9  m/sec (90 Knots) 
a t  Microphone 9 .  
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Figure A8. Tunnel Background Noise for  51 m/sec (100 Knots) 
at.Microphone 9. 
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APPENDIX B 
YARROWBAND POWER SPECTRAL DENSITY PLOTS 
Sample power spectral density plots obtained for each of the rotor 
models tested are provided here. These plots were obtained by 
using 3.25 Hz constant band width filters and normalizing the 
amplitude by the filter band width. Once again the tape was 
played back at 1/4 the recording speed. A l l  except the UH-1H 
configuration (#5) were run at 30.6 m/sec (60 knots) while the 
UH-1H configuration was run at 35.7 m/sec (70 knots) tunnel speed. 
Similarly the tip path plane angle shown are 3' and So for con- 
figuration 5 while the same for the other rotors is 4'. Essen- 
tially all the configurations show discrete harmonic noise during 
BVI although the large swept tapered tip configuration with SC1095 
airfoil (#4) and the parabolic swept tip configuration (#6) show 
significant sideband levels in addition to the harmonics. Ap- 
parent increase in the broadband noise floor for configurations 4, 
5 and 6 are believed to be caused by instrumentation noise floor. 
. 
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Figure B1. Narrow Band Power Spectral Density f o r  the Baseline 
Rotor Configuration 1 at CT = 0.007, MI = 0.739, 
p = 0.14, and aTPP = 4 O .  I 
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Figure B2. Narrow Band Power Spectral  Density f o r  t h e  S-76 
Rotor Configuration 2 a t  CT = 0.007, MI s o  = 0.694, 
p = 0.15 and ciTPP = 4 O .  I 
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Figure B3. N a r r o w  Band Power Spectral  Density f o r  t h e  Large 
Swept Tapered T ip  Configuration 3 with New 
A i r f o i l s  a t  CT = 0.007, M1,90 = 0.739, p = 0.14, 
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Figure  B6. Narrow Band Power Spectral  Density f o r  the  UH-1H 
Configuration 5 a t  C = 0.0056, MI = 0.833, 
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Figure B7. Narrow Band Power Spec t ra l  Density f o r  t he  
Parabol ic  Swept  Tip Configuration 6 a t  CT = 0.007, 
MI = 0.739, p = 0.14, and aTPP = 4 O .  
I 
86 
A SPEC I R I :  26 #A: 16 EXPAND 
110.00 
1 
50.000 I I I I I I I I 
0.0 HZ 8.0000 K 
I * -  
Figure B8. Narrow Band Power Spectral Density for the Baseline 
Tip Configuration 7 with -10' Twist at CT = 0.007, 
MI = 0.694, p = 0.15, and aTPP = 4 O .  
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APPENDIX C 
1/12 OCTAVE SPECTRA FOR 1/20 AND 1/5 SCALE MODEL ROTORS 
1/12-octave spectral plots at 1/20 and l/5-scales are provided for 
the baseline (#1) and Large Swept Tapered Tip ( # 3 )  configurations 
at various tip path plane angles. The tunnel speed used was 30.6 
m/sec (60 knots) and the rotor tip speed was 221 m/sec (725 
ft/sec). The spectral plots were obtained by operating the tape at 
1/4 times the recording speed. The averaging time, over which the 
spectrum w a s  obtained, is printed on the left hand side top corner 
of these figures. This is followed by the reference noise level 
used in the 1/12-octave plots. The record number is of no speci- 
fic significance since it is only a file code used in storing the 
data during the data reduction. Finally, the scale is a factor by 
which the 1/12-octaves are shifted during the computation of the 
flight scaled A and D metrics. Indeed, at 1/4-tape speed, a scale 
of say 5.4 means 21.6 (5.4~4). These weighted noise metrics and 
OASPL are computed and printed on the right hand top quadrant of 
these plots. 
As an example, the first harmonic of the rotor blade passage is 
plotted at approximately 90 Hz in Figure C1. Since the data was 
reduced at l/4-tape speed, this corresponds to 90x4 Hz at 1/20- 
scale and 90/5.4 at full-scale. 
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Figure C1. 1/12 Octave Spectra f o r  t he  1/20 Scale Baseline 
Configuration 1 a t  Microphone 2 ,  M = 0.65, QR CT = 0.007,  p = 0.14 and aTPP = -4 . 
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Figure C 2 .  1/12 Octave Spectra for the  1/20 Scale Baseline 
Configuration 1 a t  M I C  2 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and uTPP = -20. 
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Figure C3. 1/12 Octave Spectra f o r  the  1/20 Scale Baseline 
Configuration 1 a t  M I C  2 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = oo.  
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F i g u r e  C4. 1/12 Octave Spectra f o r  t he  1/20 Scale Baseline 
Configuration 1 a t  MIC 2 ,  MQR = 0.65, CT = 0.007, 
= 0.14 and aTPP = 2 O .  
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Figure C5. 1/12 Octave Spectra f o r  t he  1/20 Scale Baseline 
Configuration 1 a t  MIC 2 ,  PInR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = 4 O .  
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Figure C6. 1/12 Octave Spectra f o r  the 1/20 Scale Baseline 
Configuration 1 a t  MIC 2, MOR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = 6'. 
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Figure C7. 1/12 Octave Spectra f o r  the 1/20 Scale Baseline 
Configuration 1 a t  M I C  2 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and cyYTPP = e o .  
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Figure C8. 1/12 Octave Spectra f o r  the  1/20 Scale Baseline 
Configuration 1 a t  M I C  2 ,  MOR = 0.65, CT = 0 . 0 0 7 ,  
p = 0.14 and aTPP = loo. 
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Figure C 9 .  1/12 Octave Spectra f o r  the 1/5 Scale Baseline 
Configuration 1 a t  MIC 5, MnR = 0.63, CT = 0.007, 
1-1 = 0.14 and aTPP = -40, 
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Figure C 1 0 .  1/12 Octave Spectra for t h e  1/5 Scale Baseline 
Configuration 1 a t  M I C  5 ,  MnR = 0.63, CT = 0.007, 
p = 0.14 and cyTPP = - 2 0 .  
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Figure C 1 1 .  1/12 Octave Spectra f o r  t he  1/5 Scale Baseline 
Configuration 1 a t  M I C  5, MOR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = o o .  
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Figure C12. 1/12 Octave Spectra f o r  the 1/5 Scale Baseline 
Configuration 1 a t  MIC 5,  MnR = 0.63, CT = 0.007, 
p = 0.14 and cyTPP = 2 O .  
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Figure C13. 1/12 Octave Spectra fo r  t he  1/5 Scale Baseline 
Configuration 1 a t  M I C  5 ,  MQR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = 4 O .  
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Figure C14. 1/12 Octave Spectra for the  1/5 Scale Baseline 
Configuration 1 a t  M I C  5, MnR = 0.63, CT = 0.007, 
1.1 = 0.14 and aTPP = 6 O .  
103 
5 160 10 20 40 80 160 315 630 125kHz 2 5  IO 20 4 0  BO 
2Hz 4 8 16 315 63 125 250 500 1kHz 2 4 8 16 315 63 125 
50 100 3 16Hz 315 6 3  125 25 50 100 200 400 800 16kHZ 315 6 3  125 
Measurmp Obtect RANK ORDER 9 FT. ROTOR +a TPP U R - 6 0  Sr)luoAUd C&X - - __ 
Figure C 1 5 .  1/12 Octave Spectra f o r  the  1/5 Scale Baseline 
Configuration 1 a t  MIC 5 ,  MQR = 0.63, CT = 0.007, 
1.1 = 0.14 and aTPP = 8 O .  
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Figure C16. 1/12 Octave Spectra f o r  t h e  1/5 Scale Baseline 
Configuration 1 a t  M I C  5, MnR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = l o o .  
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Figure C17. 1/12 Octave Spectra f o r  the 1/20 Scale Baseline 
Configuration 1 a t  MIC 9 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = 2 O .  
106 
Bruel h KPI SCA LC 
Averaging Lin '- lam -Ref Level 6 0  d B Rec NO ' S& 5. Y Dale Weight Nelw 
75  
70 
dB 
60 
50 
40 
30 
20 
10 
0 0 
2HZ 4 6 16 31.5 63 125 250 5 
t6Hz 315 6.3 125 25 50 100 200 400 800 1BkHz 315 6.3 125 25 50 100 
Ob)ec, ID#103/17. MIC#B. CNFGYl. STD. BH. TPP-+4. VT-60KTS. 
Figure C18. 1/12 Octave Spectra fo r  the 1/20 Scale Baseline 
Configuration 1 a t  MIC 9 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = 4 O .  
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Figure C 1 9 .  1/12 Octave Spectra for the 1/20 Scale Baseline 
Configuration 1 a t  MIC 9 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = 6 O .  
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Figure C20 1/12 Octave Spectra f o r  t he  1/5 Scale Baseline 
Configuration 1 a t  MIC 1, MnR = 0.63, CT = 0.007, 
p = 0.14 and uTPP = 2 O .  
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Figure C21. 1/12 Octave Spectra for the  1/5 Scale Baseline 
Configuration 1 a t  MIC 1, MnR = 0.63, CT = 0.007,  
1-1 = 0.14 and aTPP = 4 O .  
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Figure C 2 2 .  1/12 Octave Spectra f o r  the 1/5 Scale Baseline 
Configuration 1 a t  MIC 1, %R = 0.63, CT = 0.007, 
p = 0.14 and aTpp = 6'. 
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Figure C23. 1/12 Octave Spectra f o r  the 1/20 Scale Large 
Swept Tapered Tip Configuration 3 with New 
A i r fo i l s  a t  Microphone 2 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = -40. 
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Figure  C24. 1/12 Octave Spectra f o r  t h e  1/20 Scale Large 
Swept Tapered Tip Configuration 3 with New 
A i r f o i l s  a t  Microphone 2 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = -20. 
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Figure C25. 1/12 Octave Spectra for the  1/20 Scale Large 
Swept Tapered Tip configuration 3 with New 
A i r fo i l s  a t  Microphone 2 ,  MnR = 0.65, CT = 0 .007 ,  
p = 0.14 and aTPP = oo .  
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Figure C26. 1/12 Octave Spectra fo r  the  1/20 Scale Large 
Swept Tapered Tip configuration 3 with New 
A i r f o i l s  a t  Microphone 2 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = 2O. 
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Figure  C27. 1/12 Octave Spectra f o r  the  1/20 Scale Large 
Swept Tapered Tip configuration 3 with New 
A i r fo i l s  a t  Microphone 2 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and aTPP = 49. 
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Figure  C28. 1/12 Octave Spectra f o r  the  1/20 Scale Large 
Swept Tapered Tip configuration 3 with New 
Airfoils a t  Microphone 2 ,  MnR = 0.65, CT = 0 .007 ,  
p = 0.14 and ctTPP = 6’. 
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1/12 Octave Spectra f o r  the  1/20 Scale Large 
Swept Tapered Tip configuration 3 with New 
A i r fo i l s  a t  Microphone 2 ,  MnR = 0.65,  CT = 0.00'7, 
p = 0.14 and uTPP = 8 ' .  
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Figure 30. 1/12 Octave Spectra f o r  the  1/20 Scale Large 
Swept Tapered Tip configuration 3 with New 
A i r f o i l s  a t  Microphone 2 ,  MnR = 0.65, CT = 0.007, 
p = 0.14 and uTPP = l o o .  
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Figure C31. 
120 
1/12 Octave Spectra f o r  the 1/5 Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 5, MnR = 0.63, CT = 0.007, 
~1 = 0.14  and aTPP = -40. . 
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Figure C32. 1/12 Octave Spectra f o r  t he  1/5 Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  a t  Microphone 5, MnR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = -20 .  
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Figure C33. 1/12 Octave Spectra f o r  the  1/5 Scale Large 
Swept Tapered Tip configuration 3 with New 
A i r fo i l s  a t  Microphone 5, MQR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = o o .  
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F i g u r e  C34. 1/12 Octave Spectra for the 1/5 Scale Large 
Swept Tapered Tip configuration 3 with New 
Airfo i l s  a t  Microphone 5 ,  MnR = 0 . 6 3 ,  CT = 0 .007 ,  
~1 = 0.14 and cyTPP = 2 O .  
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Figure C35. 1/12 Octave Spectra f o r  t he  1/5 Scale Large 
Swept Tapered Tip configurat ion 3 with New 
A i r f o i l s  at: Microphone 5, MnR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = 4O. 
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Figure C36. 1/12 Octave Spectra fo r  the 1/5 Scale Large 
Swept Tapered Tip configuration 3 with New 
A i r fo i l s  a t  Microphone 5,  MQR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = 6O. 
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Figure C37. 1/12 Octave Spectra f o r  the  1/5 Scale Large 
Swept Tapered Tip configuration 3 with New 
A i r fo i l s  a t  Microphone 5, MnR = 0.63, CT = 0.007, 
p = 0.14 and aTPP = 8'. 
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F i g u r e  C38. 1/12 Octave Spectra f o r  the 1/5 Scale Large 
Swept Tapered Tip configuration 3 w i t h  New 
A i r fo i l s  a t  Microphone 5,  MOR = 0.63, CT = 0.007, 
1 = 0.14 and aTPP = loo. 
127  
. 
1. Report No. 2. Gomnnmnt h i o n  No. 
NASA CR-177355 
4. Title and Subtitle 
Acoustic Characteristics of 1/20-Scale Model 
Helicopter Rotors 
3. Recipient's Cdt~log No. - 
5. Report Date 
6. Worming Organization Coda 
Auqust 1986 
7. Author(s) 
R.K. Shenoy, F.W. Kohlhepp and K.P. Leighton 
9. Pnfnrminp O r m i u t i o n  Name and Address 
8. Worming Organization Report No. 
SER- 5 10248 
10. Work Unit No. 
15. Supp!ementary Notes 
Sikorsky Aircraft Division 
United Technologies Corporation 
No. Main Street, Stratford, CT 06601 
1:. Swmwing C.gmcy Name and Address 
National Aeronautics and Space Administration 
Washington, 0.C. 20546 
Point of Contact: Technical Monitor, Marianne Mosher 
TR-32 Arries Research Center, iuloifett Field, CA 94035 
(41 5 1 694-671 9 BT.S 464 - 6719 
16. Abstract 
A wind tunnel test to study theeffect of georiietric scale on acoustics and to 
investigate the appl icabi 1 i ty of very sinal 1 scale models for the study of acousti, 
characteristics of helicopter rotors was conducted in the United Technologies 
Research Center Acoustic Research Tunnel. The results show that the Reynolds 
number effects significantly alter the Blade-Vortex-Interaction (BVI) Noise 
characteristics by enhancing the lower frequency content and suppressing the 
higher frequency content. In the time domain this is observed as an "inverted" 
thickness noise impulse rather than the typical positive-negative irnpulse of 
tlVI noise. At higher advance ratio conditions,in the absence of BVI, the 1/20 
scale riioael acoustic trends with Mach Number follow those of larger scale 
rliodels. However, the 1/20 scale model acoustic trends appear to indicate stal 
a t  higher thrust and advance ratio conditions. 
11. Contract or Grant No. 
NAS2- 1 131 0 
13. Type of Report and Per@ Covered 
Contractor Report 
14. Sponsoring Agency Code 
505-42-11, 505-61-11 
~~ ~~~~ 
17. Key Wordr (Suggested by Author(8l J 
Helicopter Rotor, Acoustics, 
19. Sccurity Qaoif. (of this report) 20. Security Classif. (of this p p j  
Unc 1 ass if i ed Uncl assi f i ed 
Scaling Effects, Blade-Vortex- 
Interaction Acoustics, Model Testi ng , 
Anechoic Wind Tunnel 
21. No. of PqpS 22. Rice' 
118 
la. Distribution Statement 
Unclassified - Unliinited 
Subject Category 71 
